Apoptosis, a mechanism for programmed cell death, has key roles in human health and disease. Many signals for cellular life and death are regulated by the BCL-2 family proteins and converge at mitochondria, where cell fate is ultimately decided. The BCL-2 family includes both pro-life (e.g. BCL-XL) and pro-death (e.g. BAX, BAK) proteins. Previously, it was thought that a balance between these opposing proteins, like a simple 'rheostat', could control the sensitivity of cells to apoptotic stresses. Later, this rheostat concept had to be extended, when it became clear that BCL-2 family proteins regulate each other through a complex network of bimolecular interactions, some transient and some relatively stable. Now, studies have shown that the apoptotic circuitry is even more sophisticated, in that BCL-2 family interactions are spatially dynamic, even in nonapoptotic cells. For example, BAX and BCL-XL can shuttle between the cytoplasm and the mitochondrial outer membrane (MOM). Upstream signaling pathways can regulate the cytoplasmic-MOM equilibrium of BAX and thereby adjust the sensitivity of cells to apoptotic stimuli. Thus, we can view the MOM as the central locale of a dynamic life-death rheostat. BAX invariably forms extensive homo-oligomers after activation in membranes. However, recent studies, showing that activated BAX monomers determine the kinetics of MOM permeabilization (MOMP), perturb the lipid bilayer and form nanometer size pores, pose questions about the role of the oligomerization. Other lingering questions concern the molecular mechanisms of BAX redistribution between MOM and cytoplasm and the details of BAX/BAK-membrane assemblies. Future studies need to delineate how BCL-2 family proteins regulate MOMP, in concert with auxiliary MOM proteins, in a dynamic membrane environment. Technologies aimed at elucidating the structure and function of the full-length proteins in membranes are needed to illuminate some of these critical issues.
Facts
BH3-only proteins (e.g. BID, BIM and PUMA) promote MOM integration of BAX/BAK, leading to MOMP, which typically commits the cell to death. The cytoprotective activity of BCL-XL is exerted through interactions with BAX/BAK and BH3-only proteins. Non-activated BAX and BCL-XL cycle between cytosolic and MOM-associated states. In some cells, they can cause each other to retrotranslocate from the MOM back to the cytoplasm. However, in other situations, BCL-XL stabilizes BAX association with the MOM. MOM-resident proteins, both identified and unidentified, have been proposed to facilitate the MOM permeabilizing function of BAX.
Open Questions
How do BAX and BAK permeabilize the MOM? How do the pro-survival family members, e.g. BCL-XL, protect against cell death?
How do BCL-2 family proteins function together in the MOM? Which MOM proteins facilitate retrotranslocation and permeabilization and by what mechanisms?
Recent Results
Membrane-inserted BAX monomers control the kinetics of permeabilization, induce the formation of lipidic pores and significantly distort phospholipid bilayers. BAX activation in the MOM triggers the assembly of a non-BAX 'catalyst' complex, which then facilitates BAX pore formation. Some of the initial conformational events in BAX and BAK activation have been identified by structural studies. BAX and BAK can both be activated directly by certain BH3-only proteins. For BAK, this activation involves BH3 domain binding to the 'canonical groove', but for BAX, activator BH3 domain binding occurs at a different surface.
Survival signals can promote BAX retrotranslocation from the MOM to the cytoplasm (reducing the amount of BAX in the MOM); on the other hand, the loss of survival signals causes enhanced MOM accumulation of BAX and sensitizes cells to death signals.
Apoptosis and BCL-2 Family Proteins
Apoptosis is an active, intracellular cell death program that is common to nearly all higher eukaryotic cell types. 1 As a counterbalance to cellular proliferation, this process helps to maintain cellular homeostasis. Consequently, its deregulation can seriously affect health. Abnormally suppressed apoptosis has key roles in many human diseases, including tumor development and tumor cell resistance to chemotherapy. The relevance of apoptosis to human health has propelled it to the forefront of biomedical research, with the hope that understanding its molecular mechanism will translate into new therapeutic approaches.
Early discoveries concerning the BCL-2 oncogene product, in particular that it suppresses cell death, counteracts the proapoptotic action of mitochondria and represents a family of anti-and pro-apoptotic proteins, [2] [3] [4] [5] [6] provided some of the first insights into the molecular basis of programmed cell death and paved the way for subsequent studies that shape our current understanding of apoptosis. It is now well established that the BCL-2 family proteins are the central regulators of the mitochondrial cell-intrinsic apoptotic pathway. Although many kinds of stresses can induce apoptosis via diverse signaling pathways, these signals often converge at the mitochondrial outer membrane (MOM), where cell fate is ultimately decided. BCL-2 family proteins can have functions at non-mitochondrial sites (e.g. the endoplasmic reticulum). Nevertheless, perhaps the most prominent roles of these proteins are to promote or inhibit MOM permeabilization (MOMP), serving as a molecular 'rheostat' that regulates the mitochondrial pathway to apoptosis. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] MOMP induced by BAX and BAK allows cytotoxic proteins to escape from the mitochondrial intermembrane space into the cytoplasm, leading to caspase activation and apoptosis. MOMP also leads to progressive mitochondrial dysfunction, which causes energy depletion and cell death even when caspases are inactive. This means that cells can recover from MOMP only under exceptional circumstances. [22] [23] [24] Even in cases where apoptosis is initiated by ligation of death receptors, through the extrinsic pathway, the upstream signals often require amplification by the mitochondrial pathway. Thus, MOMP is frequently the decisive event preceding cell death.
BCL-2 family proteins are distinguished by four conserved BCL-2 homology (BH1-BH4) domains. In particular, the BH3 domain is invariably present and has an essential role in regulating cell death. BCL-2 family proteins engage in a complex network of heterodimeric interactions that collectively make life and death decisions for the cell. Anti-apoptotic family members (e.g. BCL-2 and BCL-XL) protect the cell against apoptotic stimuli, whereas pro-death proteins (BAX and BAK -one or the other is needed for apoptosis) actively kill the cell by inducing MOMP. Their functions are regulated by a third class of BCL-2 family members, the BH3-only proteins.
One such BH3-only protein, BID, provides a key link between the extrinsic and mitochondrial pathways to cell death because it is activated when extracellular stress cues, transmitted through cell surface death receptors, activate the protease Caspase-8, which cleaves BID into an inactive N-terminal fragment and a critical pro-death C-terminal fragment (tBID). tBID and the other BH3-only proteins BIM and PUMA have two main functions: first, they can form stable heterodimers with anti-apoptotic family members such as BCL-XL, neutralizing their protective activity, and second, they can transiently interact with BAX and BAK, directly activating them. 10, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Other BH3-only proteins (e.g. BAD) can only suppress anti-apoptotic family members. The antiapoptotic family members act in two ways: to antagonize the multidomain proteins BAX and BAK and to sequester the BH3-only proteins.
What Regulates the Interplay of Soluble Cytoplasmic BCL-2 Family Proteins with Membranes?
Structural and biochemical studies have identified some of the early events in BAX and BAK occurring upon interaction with BH3 domain peptides. 35, 36, 38, 39 However, interactions among full-length BCL-2 family proteins normally take place in the membrane environment. This is obviously true for BAK, which is permanently membrane-resident. Nevertheless, some experimental alterations of the BAK molecule increase its solubility or decrease its MOM-association, even causing it to be inducibly MOM-translocated, much like BAX. 40 With regard to BAX, experiments in protein-free, cardiolipin-containing liposomes showed that tBID becomes recruited to the membrane before BAX, 41 suggesting that initially, MOMassociated tBID might promote BAX accumulation in the MOM by evoking a conformational change needed for membrane integration. The MOM protein Mtch2 has been proposed as a tBID-binding receptor in the MOM. 42 However, a recent study 43 has shown that Mtch2 accelerates the separation of the N-and C-terminal fragments of Caspase-8-cleaved BID and promotes a complex process of tBID integration in the membrane. This would then trigger BAX recruitment to the MOM and activation.
However, activation by tBID and other BH3-only proteins appears not to be the only trigger for BAX translocation. Recent studies in epithelial cells 44 confirmed other studies in fibroblasts 45, 46 showing that, under nonapoptotic conditions, BAX exists in equilibrium between cytoplasmic and MOMassociated forms. A recent study by Schellenberg et al. 44 now shows that in epithelial cells, detachment from the extracellular matrix causes a loss of adhesion-dependent survival signaling; somehow, this reduces the rate of BAX membrane dissociation, thereby shifting the equilibrium in favor of MOM localization. However, if cells are allowed to reattach before they become committed to apoptosis, MOM-associated BAX can move back to the cytoplasm. This reversibility of MOM localization suggests that BAX can be stably associated with mitochondria even in a non-activated state. Together, the retrotranslocation studies show that at least one form of BAX BCL-2 family protein interactions in membranes N Volkmann et al recruitment to the MOM does not appear to depend on full apoptotic activation by BH3-only proteins.
How BAX reversibly associates with the MOM is still not understood. As the BAX S184V mutant displays a lower rate of dissociation from the MOM, Schellenberg et al. 44 suggest that the C-terminal a-helix of wt BAX can interact weakly with the membrane. In vitro, BAX does interact transiently with liposomes, causing it to display the 6A7 epitope. 47 This membrane-induced BAX conformational change is not inhibited by BCL-XL. Mixing BAX alone with liposomes does not lead to BAX oligomerization or even to measurable BAX membrane association, as measured by a float-up assay. For stable BAX integration, full activation (e.g. by tBID) is required. In principle, membrane integration, which would involve at least the hydrophobic C terminus and potentially other regions of this protein, is likely irreversible, as the energy barrier for removal of a transmembrane helix from the membrane to water would be very high. Within cells, the MOM-association equilibrium could instead involve a reversible interaction of BAX with resident MOM proteins, especially as adhesiondependent signaling alters this equilibrium.
We can well imagine that BAX (retro-)translocation and activation in whole cells involves multiple steps and stillunknown mechanisms. Anoikis in mammary epithelial cells involves an hours-long interval between BAX translocation to mitochondria and BAX activation. In this setting, instead of the previously reported ability of BCL-XL and BAX to retrotranslocate each other, 45 BCL-XL stabilizes BAX association with the MOM. Perhaps this reflects co-integration of these two proteins, as in the 'embedded together' scenario previously described by Andrews et al.
14 Similarly, Llambi et al. 48 found that when BAX-induced MOMP is blocked by BCL-XL, both proteins become membrane-integrated. We do not understand what determines co-integration versus coretrotranslocation. In particular, the structural details of how these proteins interact in the membrane environment are yet unknown. However, one recent study dealt with the contribution of the C-terminal helix of BCL-XL, which is necessary for the ability of BCL-XL to retrotranslocate BAX. 46 Interestingly, replacing the C terminus of BCL-XL with the corresponding portion of BAX retained the property of the chimeric molecule to interact reversibly with the MOM, but eliminated the ability to retrotranslocate BAX.
Molecular Basis for BCL-2 Family Protein Function
The molecular structures of BCL-XL, 49 BAX 50 and BID, 51, 52 all determined in solution by NMR, provided the initial framework for understanding the functions and interactions of the BCL-2 family proteins. Despite their opposing functions, all three proteins adopt a common fold, with two central, more hydrophobic a-helices forming a hairpin surrounded by six to eight more polar a-helices ( Figure 1) . This structure appears to be shared by all other pro-and anti-apoptotic BCL-2 family members. 53, 54 The prototypical BCL-2 fold also resembles that of the pore-forming domains of bacterial toxins, suggestive of a common pore-forming function in which the two central helices (a5-a6 in BAX) are likely important for membrane insertion. [55] [56] [57] The BH1, BH2 and BH3 domains form a hydrophobic groove on the protein surface that is conserved across both anti-and pro-apoptotic BCL-2 family members and is crucial for mediating their interactions. In BCL-XL, this canonical groove (binding cleft) serves as the binding site for the BH3 domains of its pro-apoptotic BCL-2 partners, including BAX/ BAK and BID. 58 This interaction produces a stable complex that is thought to protect against cell death by effectively sequestering the death agonists. In the cytosolic form of BAX, however, the groove is normally occupied by BAX's own hydrophobic C-terminal helix (a9), and certain BH3-only proteins (BID, BIM and perhaps PUMA) appear to interact with a different BAX site, diametrically opposed to the canonical BH3-binding groove. 35 This interaction is weak, but it is needed to trigger BAX activation. BAK lacks this alternative site and appears to be activated by binding the BH3 domain of either BID or BIM to its canonical groove. 38, 39, 59 Figure 1 BCL-2 homology and solution NMR structures of BCL-XL, 49 BAX 50 and BID. 51, 52 The proteins contain up to four BH domains and a 20-residue hydrophobic C terminus. The C terminus of BCL-XL was truncated to promote solubility. The BID caspase-8 cleavage site (Asp60) is denoted by a gold sphere. BH3 domains are shown in pink, hydrophobic C termini in blue and central membrane-inserting helices in red Recent structural studies show that truncated BAXDC and BAKDC (lacking the hydrophobic C-terminal helix) can bind activator BH3 peptides through their respective BH3-binding clefts. 39, 60 BAXDC treated with the detergent CHAPS and BID, BIM or BAX BH3 peptides forms a domain-swapped dimer 60 similar to that formed by BCL-XLDC exposed to high pH or heat. 61, 62 Dimers induced by the detergent octylmaltoside yielded indistinguishable structures without the bound peptide. In these domain-swapped dimers, the a5-a6 helices of each monomer form one long extended helix and interact with the a6-a5 helices of the second monomer, forming a planar surface that is proposed to engage the membrane. A mutant form of BAK, rendered soluble by mutagenesis of its C terminus, also binds BH3 peptides through its surface cleft, 38 as does a highly truncated form of BAX spanning only helices a2 to a5.
60 BH3 ligand association with the BAX or BAK surface cleft is distinct from its interaction with a diametrically opposed BH3 interaction site observed by Gavathiotis et al. 35 for intact, monomeric BAX in solution, suggesting that BAX and BAK may each be activated by direct interaction with a BH3 ligand at distinct molecular sites, and that activation likely involves multiple steps. 63 All of these studies suggest very interesting hypotheses about BCL-2 protein function. However, because they were performed with extensively truncated proteins, in the presence of detergents and far removed from the natural environment of the phospholipid bilayer membrane -conditions that can produce distortions in many integral membrane and membrane-associated proteins 64 -it is unclear where and how these structures fit into the apoptosis pathways.
Cell-based and biophysical studies focused on BAK and BAX activation indicate that the BH3-groove interaction is essential for BAK 65 and BAX 66 oligomerization. However, the structures of the domain-swapped dimers appear at odds with data on the interfaces in BAX oligomers formed during apoptosis [66] [67] [68] and incompatible with a model in which helices a5 and a6 insert into the membrane during permeabilization. The similarity of the BAXDC structures with pro-survival proteins, together with the facts that BAX inserts in membranes can form membrane pores as a monomer and is likely to unfold on the membrane (see below), indicate that swapped-dimer structures may not be directly involved in the activation pathway. However, they may represent some off-pathway conformations, possibly related to the reversible retrotranslocation process. The latter would be an attractive possibility because the blockage of helices a5 and a6 through the domain-swapping mechanism would prevent insertion of these helices into the membrane and thus prevent the subsequent, irreversible MOMP. Structural studies on fulllength proteins in the presence of a fully functional membrane bilayer environment will be needed to obtain a full picture of BAX/BAK activation.
How does the BCL-2 Family Regulate MOMP?
For MOMP to occur, BAX and BAK require direct activation by a 'direct activator' BH3-only protein, for example, BID, BIM or PUMA. [34] [35] [36] 38, 39, 59, 69, 70 Anti-apoptotic BCL-2 family proteins can block MOMP both by sequestering BH3-only proteins and by neutralizing BAX/BAK. This inhibitory cytoprotective function can in turn be neutralized by an excess of 'indirect activator' BH3-only proteins (e.g. BAD), which bind the antiapoptotic BCL-2 proteins, thereby liberating the pro-apoptotic direct activator BH3-only proteins. Some chemotherapeutic drugs currently under development (e.g. ABT-263, Navitoclax) act in a similar manner to antagonize the interactions of BCL-XL and other anti-apoptotic relatives with their proapoptotic partners, thereby promoting apoptosis. 71, 72 After BAX activation via a transient hit-and-run interaction with a direct activator BH3-only protein such as tBID, BAX typically translocates from its soluble cytoplasmic state to a MOM-integrated state. BAK is constitutively membraneresident, but also becomes activated by BH3-only proteins in a similar manner. Activation of BAX and BAK leads to complete membrane insertion of these proteins and then to MOMP, which generally commits the cell to death. The early stages of BAX and BAK activation have been analyzed elegantly by structure-guided mutational analysis. 35, 36, 38, 39 However, as the structures of membrane-inserted BAX and BAK are not known, the exact conformational changes in these proteins associated with MOMP activity are still unclear.
Indeed, the limited structural information that is available for the membrane-associated states of BCL-XL, BAX and tBID 50, [73] [74] [75] [76] [77] [78] provide only a glimpse of how BCL-2 proteins interact with membranes. tBID has been shown to adopt a stable helical conformation in lipids, with its helices parallel to the membrane surface and no transmembrane helix insertion. 75, 79 BAX-derived peptides corresponding to a5-a6 readily insert into membranes and mediate the formation of protein-lipidic pores. [80] [81] [82] [83] The conformation of BCL-XL in lipid bilayers may involve membrane embedding of the BCL-XL helical hairpin (a5-a6) as well as helix a1. 73, 74 However, these results were obtained using truncated BCL-XL lacking the hydrophobic C terminus (BCL-XLDC), or using detergents to either solubilize or activate a conformational change, manipulations that can significantly distort protein structure and function. 64 Indeed, a number of recent reports have demonstrated the importance of studying membrane-associated proteins, including BCL-2 family proteins, in a lipid membrane environment. 84, 85 
BAX Monomers are a Driving Force for Membrane Perturbation
Major conformational rearrangements and extensive homooligomerization of BAX and BAK are widely assumed to be necessary for pore formation and MOMP. 50 However, a detailed spatiotemporal molecular mechanism for these events remains elusive. Until recently, it has not been possible experimentally to separate BAX/BAK oligomerization from the pore-formation activity involved in MOMP, and so researchers have assumed that oligomerization is a requirement. However, two independent investigations have now converged on the notion that integrated BAX monomers are sufficient to perturb the lipid bilayer.
In recent electron cryomicroscopy (cryo-EM) studies, Volkmann and co-workers 78 dissected the structural correlates of BAX membrane insertion, in a situation where oligomerization is physically impossible. This was accomplished through the use of nanometer-scale phospholipid BCL-2 family protein interactions in membranes N Volkmann et al bilayer islands (nanodiscs), each capable of accommodating only a single BAX molecule. 78 The three-dimensional reconstructions of these membrane assemblies (Figure 2 ) demonstrate that in the presence of a BID BH3 peptide, an individual BAX molecule can insert into the nanodisc membrane, perturb the lipid bilayer and form a pore of B3.5 nm in diameter. While the precise structure of this BAX pore will have to be determined, its monomeric state is dictated by the small, discrete size of the lipid bilayer nanodiscs, which can only accommodate a single membrane-inserted BAX. Native gels, fluorescence and immunoblotting data all confirmed that BAX was monomeric in the nanodisc under the conditions used for imaging.
Interestingly, the three-dimensional structure of this fulllength BAX-membrane assembly contained no discernible, compact, extra globular density that would account for a folded BAX monomer globular structure associated with the nanodiscs (Figure 2 ). This is in stark contrast to other recent nanodisc studies where integrated proteins such as integrin receptors, anthrax toxin or SNARE proteins are clearly visible. [86] [87] [88] This observation suggests that BAX is unfolded on top of the nanodisc surface (Figure 3 ), presumably with its amphiphilic portions inserted into the nanodiscs in a similar way to the 'umbrella model' proposed for colicin, where the outer helices of the globular structure rearrange to form the 'umbrella' resting on the membrane surface, while the central hydrophobic helical hairpin (corresponding to a5-a6 in BAX) inserts across the membrane to form the 'umbrella handle'. [89] [90] [91] Such unfolding is consistent with the finding that a substantial structural reorganization of BAX occurs during BH3-triggered activation. 36 In contrast to these small BAX monomer-induced pores, Bax-dependent permeabilization of the MOM involves a much greater permeability of the membrane, allowing the efflux of macromolecules such as Smac/DIABLO dimers or very large dextran molecules. 10 How this permeabilization occurs is a key question. Judging from the sizes of the released macromolecules, up to 2000 kD, we can infer that MOMP involves a large-scale rearrangement of the membrane. Paradoxically, however, traditional EM methods did not reveal any alterations in the MOM. 10 This suggested the possibility that MOMP arises not from the formation of fixed proteinaceous pores but rather from pores that are lipidic (and not easily preserved during embedding for EM). Indeed, when Baxinduced pores in small unilamellar vesicles 92 and in bacteria 93 were later imaged using gentler cryo-EM techniques, they were seen to be large and heterogeneous (25-100 nm), much like those produced by bacterial toxins. Similar large Baxinduced pores have now been imaged in purified MOMs by cryo-EM (Newmeyer and Kuwana, personal communication). These and other observations 80, 82, 94 argue that MOMP is the result of lipidic pore formation.
Indeed, the pores produced in nanodiscs by single Bax molecules are already lipidic in nature. The number of helices that can conceivably insert into the membrane from a single BAX molecule (four) is too small to allow complete protein lining of a 3.5-nm diameter pore 78 ( Figure 3 ). The formation of lipidic pores induced by BAX monomers in the initial stages of MOMP is an attractive alternative to models where the initial pores are protein-lined and formed by ordered BAX oligomers. The minimal protein requirement of monomer-induced pores potentially favors faster induction of the pro-death signaling cascade, similar to the efficient process implemented by bacterial toxins. The joining of the initial monomer-induced lipidic pores at later stages of MOMP to increase pore size can be achieved with far less conformational adaption than the joining of protein-lined pores would require. Independent evidence from biochemical kinetic analysis now implies that Bax monomers are important for the formation even of large protein-conducting pores. Newmeyer and co-workers 95 showed that MOMP kinetics are linearly dependent on BAX concentration and show neither cooperativity nor saturability relative to BAX (Figures 4 and 5) . This implies that BAX monomers, not oligomers, drive the kinetics of pore formation. Together, the results of the nanodisc cryo-EM and kinetic experiments argue that monomeric membrane-inserted BAX is the key functional unit responsible for initiating MOM pore formation, MOM destabilization and MOMP, leading to apoptosis.
How do the small membrane perturbations produced by individual Bax monomers lead to the formation of supramolecular pores? The mechanism is still unclear. One possibility is that an abundance of integrated BAX monomers in a local membrane region could produce enough curvature stress to destabilize the membrane. Several reports have argued that curvature stress is the ultimate mechanism promoting the formation of protein-conducting membrane pores, and quite possibly the process can involve a cooperation between protein and lipid components to sculpt the membrane. 94, [96] [97] [98] [99] [100] Indeed, in cryo-EM images, Bax-induced pores in liposomes 92 and MOM vesicles (Kuwana and Newmeyer, personal This strongly suggests a pore formation or enlargement mechanism involving curvature stress. An alternative model was proposed by Martinez et al. 101 after observing a BAX-dependent stepwise opening of highconductance membrane channels. Possibly, integrated BAX monomers could cluster together in a quantum fashion to form ever-larger pores ringed by BAX molecules. These models need not be mutually exclusive. Cryo-EM imaging of extended lipid bilayer membranes sufficiently large to accommodate several BAX molecules, together with additional structure determination approaches, will ultimately be needed to determine the membraneassociated structures of membrane-embedded BAX oligomers at a high resolution. Imaging of colloidal goldlabeled BAX molecules in the MOM, if feasible, might also provide information about the organization of BAX molecules around the lipidic pores.
How BAX oligomerization might have a role in this process is still unclear. Based on the universal finding so far that BAX/ BAK mutants blocking oligomerization also block MOMP, it is tempting to conclude that oligomerization is required for pore formation. One common model is that the pores are enlarged through a process of Bax autoactivation, in which BAX oligomers at the pore rim catalyze the integration of free BAX monomers and their addition to the ends of existing oligomers. However, to explain the linear response of MOMP kinetics to BAX concentrations, the effect of oligomerization, if 78 The N-and C termini are marked. The helices are represented as cylinders; the molecular surface is shown as a transparent surface. The numbers correspond to the numbering of the helices following the sequence. Helices a1, a5, a6 and a9 are modeled to insert into the membrane and to line the pore. This configuration would be the 'bestcase scenario' for pore lining and minimizing the material that needs to be placed on the surface. The top view is perpendicular to the membrane plane and the bottom view is parallel to the membrane. (b) BAX/BID peptide (blue surface) modeled onto the nanodisc (yellow) containing a 3.5-nm hole. There is only enough space for a single BAX molecule and there are not enough helices inserted for lining the entire pore. (c) Cryo-EM reconstruction of nanodisc in the presence of BAX and BID peptide (white surface) with the structure of cytochrome c (blue surface) modeled into the hole. The hole is big enough to allow cytochrome c to pass. (d) Densities calculated at 2.5-nm resolution from a model of nanodisc with a 3.5-nm hole (yellow, top row), the model shown in (b) (blue surface, center row) and a model of a nanodisc with 3.5-nm hole with the globular solution structure of BAX attached to the surface. The view in the first column is parallel to the membrane plane and the view in the second column is tilted by 451 downwards around the horizontal axis Figure 4 MOM vesicles and mitochondria display similar biphasic permeabilization kinetics upon treatment with recombinant BAX activated by cleaved BID (tBID). 95 (a) Purified MOM vesicles were pre-loaded with fluorescein-dextrans and dextran content was measured by fluorescence intensity in the presence of anti-fluorescein quenching antibody. (b) Permeabilization of whole mitochondria was measured as the rate of oxygen consumption driven by exogenous cytochrome c. Inset shows total oxygen; main curves are the derivatives of oxygen traces with respect to time. Note that in both cases, there is an initial lag phase (absent in liposomes; not shown) followed by an exponential decay phase BCL-2 family protein interactions in membranes N Volkmann et al any, would have to be non-rate-limiting, that is, very rapid. 95 This is formally possible. Nevertheless, a requirement for oligomerization has not been proven. Although oligomerization is an inevitable byproduct of a-helix insertion, it might not contribute to membrane destabilization, but perhaps only to the autoactivation of free Bax monomers. Oligomers could have a function different from pore formation, for example, to regulate mitochondrial dynamics. Alternatively, oligomers could be inert or even inhibitory to pore formation. In this way, oligomers could act as a brake to limit the runaway amplification of a sub-threshold apoptotic signal. If so, cell death would require the sustained production of integrated BAX/BAK monomers to promote pore formation and enlargement.
As mentioned, BAX by itself can form pores in liposome membranes, upon activation by a BH3-domain peptide or a BH3-only protein.
However, to what extent this intrinsic activity explains MOM permeabilization in apoptotic cells remains unclear. Highlighting this uncertainty, the recent study by Kushnareva et al. 95 showed that native MOMs are more responsive to low concentrations of BAX than liposomes and display more complex, biphasic permeabilization kinetics ( Figure 5 ). This enhanced BAX response requires the participation of heat-labile MOM proteins. Furthermore, these authors found that, in order to fit the measured kinetic curves, it was necessary to consider a twostage reaction scheme. In the first stage, activated BAX triggers the assembly of a non-Bax oligomeric complex. In the second stage, this complex catalyzes the BAXdependent formation of membrane pores. Interestingly, the catalyst formation reaction exhibited a membrane phase-like transition near 28 1C, suggesting that it involves a localized membrane-remodeling event.
The behavior of this catalyst complex is reminiscent of the membrane-distorting activities of Drp1 and Bif-1, two proteins previously proposed to have roles in MOMP. 99, [102] [103] [104] However, Kushnareva et al. 95 found no evidence supporting a role for these proteins in Bax-induced permeabilization of isolated MOM vesicles. Chemical compounds (mDivi-1 analogs) that had been shown to inhibit Drp1's yeast ortholog, Dnm1, also inhibit MOMP in mammalian cells, 105 and some mDivi-1 analogs blocked BAX-induced pore formation in rat liver and Xenopus MOM vesicles. Kushnareva et al. 95 were unable to detect Drp1 in their MOM preparations, suggesting that the catalyst protein whose existence was inferred by their studies is different from Drp1. Although Bif-1 was weakly detectable in rat liver MOMs, it was below the limits of immunoblot detection in Xenopus egg MOM vesicles, which display the same type of MOMP kinetics as rat liver MOM vesicles. Naturally, these results do not exclude the possibility that Drp1 or Bif-1 participate in MOMP within cells, as these proteins could be recruited from the cytoplasm. However, the cell-free studies argue that Drp1 and Bif-1 are not essential for MOMP and that another unidentified MOM-resident protein catalyzes BAX-induced MOMP. In general, the auxiliary roles of non-BCL-2 family proteins in MOMP remain to be clarified. Figure 5 Kinetic analysis shows that BAX-induced permeabilization of MOM vesicles involves the assembly of a non-BAX oligomeric catalyst that facilitates BAX-induced pore formation. 95 (a) MOMP reaction diagram inferred from kinetic analysis. Measured MOMP kinetics as shown in Figure 5 are most simply explained by the existence of two coupled reaction tiers: (i) BAX-induced formation of an oligomeric catalyst M* n , with rate k 1 and nZ12, which occurs during the first kinetic phase (lag), shown in the gray box and (ii) BAX-induced pore formation, with rate k 2 , which occurs during the second kinetic phase (permeabilization). (b) The measured kinetic constants k 1 and k 2 depend linearly on BAX concentration, implying that BAX acts noncooperatively and thus that the oligomeric catalyst M is distinct from BAX BCL-2 family protein interactions in membranes N Volkmann et al Nevertheless, the simplest hypothesis is that such proteins facilitate BAX's intrinsic pore-forming function.
How does BCL-XL Protect Against Cell Death?
BCL-XL protects cells both by interacting with BAX to prevent its membrane integration and by interacting with BID and other BH3-only proteins, to sequester their pro-death activity. The C terminus of BCL-XL contains a clear MOM-targeting motif and shares sequence homology with those of BAX, BAK and other MOM-targeted BCL-2 proteins. The lipid bilayer membrane strongly influences BCL-2 protein-protein interactions, 20, 48, 84, 106 and several lines of evidence show that the hydrophobic C terminus of BCL-XL is important for regulating both the interaction of BCL-XL with its partners and its membrane integration. However, most structural studies have focused on truncated forms of BCL-XL lacking the hydrophobic C terminus, to promote solubility, and little is known about how BCL-XL interacts with the membrane or with membrane-associated BAX and BID.
Solid-state NMR studies suggest an 'umbrella' model of BCL-XL membrane integration, 74 as proposed for colicins. [89] [90] [91] However, the studies with BCL-XL were performed with truncated protein, and the presence of the C terminus is likely to have a significant effect on the membraneassociated conformation of this protein. The structure of BAX is the only one determined for an intact, multidomain BCL-2 protein including the hydrophobic C terminus. 50 In solution, this membrane-targeting module folds into BAX's BH3-binding cleft, suggesting that it may act as a regulatory switch for intermolecular interactions. Recent structural studies with moderately truncated forms of anti-apoptotic BCL-W indicate that it also may adopt a similar conformation. 107, 108 Thus, the C terminus of BCL-XL is also likely to interact with the BH3-binding cleft, with important consequences for the interactions of BCL-XL with its partners and with membranes.
Recently, BCL-XL and BAX have been reported to cycle between cytosolic and MOM-associated states, and each protein can cause the other to retrotranslocate from the MOM back to the cytoplasm. 45, 46 The mechanism of retrotranslocation is still unknown. The simplest hypothesis is that the mutual membrane repulsion of BCL-XL and BAX results from the intrinsic interactions of these proteins in the membrane. Although the presence of an activating BH3-only protein would be required for the full integration of BAX in the membrane, even the unactivated BAX molecule can interact weakly with the membrane, perhaps through its C terminus. 47, 109 If so, retrotranslocation may then result from competitive displacement of this weak membrane interaction of the Bax C terminus by interaction with the hydrophobic groove of a BCL-XL molecule (which would be exposed upon the transient interaction of this BCL-XL molecule with the membrane). Afterwards, the resulting BAX-BCL-XL heterodimer would dissociate from the membrane and then further dissociate into soluble monomers. Similarly, retrotranslocation of BCL-XL could involve a similar displacement of its C-terminal weak membrane interaction by the hydrophobic groove of Bax.
In the presence of a BH3-only protein such as tBID, the situation is different, as BAX and BCL-XL can become irreversibly membrane-integrated. In this situation, how BCL-XL acts is still unclear, as in some cases BCL-XL can block the membrane integration of BAX, while in other cases, BCL-XL and BAX can both be membrane-integrated. For example, in the nanodisc cryo-EM study, Volkmann et al. 78 found that BCL-XL abolished the integration of BAX into nanodisc membranes in the presence of BID BH3 peptides. This agrees with other work 10, 34, 95, [110] [111] [112] showing that BCL-XL or BCL-2 can block membrane recruitment and integration of BAX, even in the presence of a BAX-activating signal. In other studies, membrane integration of both BCL-XL and BAX (i.e. the 'embedded together' scenario 14 ) was observed. 44, 48 Perhaps co-integration requires a balanced stoichiometry of BCL-XL and BAX. 113 Alternatively, it could require the participation of a MOM protein that facilitates insertion of BAX and BCL-XL, similar to the recently reported role of Mtch2 in facilitating the membrane integration of tBID. 43 
Outlook
Understanding the process of BAX/BAK-dependent membrane pore formation remains a Holy Grail of the apoptosis field. Recent publications significantly advance our understanding of the mitochondrion-dependent intrinsic pathway to apoptosis, but also emphasize the need for high-resolution structural studies aimed at determining the molecular conformations and interactions of key BCL-2 family proteins without truncations and within a membrane environment. This kind of detailed molecular understanding is needed to define the intrinsic activities of this protein family and also to facilitate analysis of the roles of cofactor proteins, once these are identified.
The evidence is overwhelming that the membrane environment is critical for preserving the structural and functional integrity of both integral and membrane-associated proteins. This is entirely consistent with Anfinsen's hypothesis that protein conformation 'is determined by the totality of interatomic interactions and hence by the amino acid sequence in a given environment'. 109 For membrane-associated proteins such as the BCL-2 family proteins, the 'given environment' of the phospholipid bilayer is essential for preserving native structure and function.
